Abstract: A laboratory-scale passive hybrid power system for transportation applications is constructed and tested in this study. The hybrid power system consists of a fuel cell stack connected with a diode, a lithium-ion battery pack connected with a DC/DC power converter and another diode. The power converter is employed to regulate the output voltage of the battery pack. The dynamic responses of current and voltage of the stack to the start-up and acceleration of the load are experimentally investigated at two different selected output voltages of the DC/DC converter in the battery line. The power sharing of each power source and efficiency are also analyzed and discussed. Experimental results show that the battery can compensate for the shortage of supplied power for the load demand during the start-up and acceleration. The lowest operating voltage of the fuel cell stack is limited by the regulated output voltage of the DC/DC converter. The major power loss in the hybrid power system is attributed to the diodes. The power train efficiency can be improved by lowering the ratio of forward voltage drop of the diode to the operating voltage of the fuel cell stack.
Introduction
Proton exchange membrane fuel cells (PEMFCs) are considered as one of potential power sources for transportation applications in the near future. However, the dynamic response of a PEMFC to a step-increase in power demand is relatively slow and designed nominal power usually cannot meet the instantaneous requirements during start-up or acceleration. On the contrary, lithium-ion batteries (LIBs) have the advantages of quick response and large C-rate discharging. The performance of a PEMFC can be improved when it is hybridized with secondary batteries.
There are two types of fuel cell/battery hybrid power systems: active and passive systems. In an active power system, a DC/DC converter is installed between the fuel cell and the battery. The converter adjusts the voltage of each power source to the bus voltage and manages the power sharing between each source [1] [2] [3] . Gao et al. [1] experimentally compared two active hybrid power systems with different battery sizes in terms of specific power, power density, volume, and weight. Blackwelder et al. [2] designed a controller to manage the power output from fuel cells and LIBs in an active hybrid power system. In their control strategy, the fuel cell could provide the maximum power to the load before any power was drawn from the battery. Jiang et al. [3] developed different control strategies in which the fuel cell current was limited in safe values while regulating the charging current and voltage of the battery. Moore et al. [4] and Zhou et al. [5] simulated fuel cell vehicles with different configurations. Zhou concluded that the best approach for hybridization of the power train was to use supercapacitors with load leveled control.
Thounthong et al. [6] designed an active hybrid power system that consists of a fuel cell stack, a battery module, and a supercapacitor module. Each of these power sources was connected with a DC/DC converter. A control algorithm was developed to manage power sharing from these power sources. Tang et al. [7] developed an active hybrid system with a fuel cell stack and a lead-acid battery for a lightweight vehicle. Büchi et al. [8] designed and tested a light-weight fuel cell vehicle with an active hybrid power system. A central controller was required in their systems to manage the power output of the stack for hybridization.
For the passive hybrid system, the DC/DC converter may be installed in the fuel cell line or the battery line without control [9] . However, the output voltage of the DC/DC converter needs to be carefully determined according to the characteristics of both power sources. Aso et al. [10] showed a passive hybrid configuration developed by Toyota Motor Corporation; however, the dynamic behavior of each power source was not reported. Bernard et al. [11] developed a model to simulate a passive hybrid power system with an H 2 /O 2 fuel cell system. The power sharing in their model was achieved by adjusting the fuel cell operating pressure. The analysis results showed that this approach could satisfy the power demand of the load while sustaining the state of charge of the battery. Keränen et al. [12] built a triple-hybrid power system comprising a fuel cell system, an ultracapacitor module, and a lead-acid battery pack for an electric forklift. Their study showed that hybridization with the battery or capacitor could reduce the variation of the fuel cell and meet all power requirements.
In summary, compared with active hybrid power systems, passive hybrid power systems have the advantages of simpler configuration and higher efficiency since a DC/DC converter at the fuel cell output is saved; however, in a passive system, the power sharing between the fuel cell and the battery cannot be precisely controlled.
Recently, Nishizawa et al. [13] developed a passive direct hybridization system using a fuel cell and a battery. There was no DC/DC converter in their system. Although, this direct hybridization was demonstrated to quickly response to the dynamic load variations, the fuel cell voltage gradually decreased with the voltage of the battery during discharging. The fuel cell could be operated at a low efficiency point if the battery continuously discharged.
In this work, a passive hybrid system is designed for transportation applications, in which a DC/DC converter is installed in the battery line to fix the output voltage of the LIB. The effect of regulated voltage on the system is investigated. The dynamic responses of the fuel cell and the battery with respect to the load variations are studied during the start-up and acceleration of the load.
Experimental

Hybrid System Design
The passive hybrid power system in this study is designed for transportation applications. The fuel cell stack is the major power source in this hybrid system and it meets the rated power consumption of the load. The secondary battery pack only provides supports for a sudden power demand during start up and acceleration. Under the above consideration, the hybrid power system design in this work is depicted in Figure 1 . A major difference between this work and other published hybrid systems is the DC/DC converter installed in the battery pack line. In a direct hybridization system without a DC/DC converter, the voltage of fuel cell will follow that of batteries since the battery voltage gradually decreases during discharge. The DC/DC converter is employed to fix the output voltage of the LIB so that the fuel cell stack will not be operated at any voltage lower than the designed voltage. In this experiment, the fuel cell stack (H-30, Horizon, Chicago, IL, USA) consisted of 14 cells and provided a rated power of 30 W. Two lithium-ion batteries (LYS-187365S, LynoPower, Taoyuan, Taiwan) were connected in series as a pack. A DC/DC boost converter (LM2577, Current Logic, Shenzhen, China) was connected with the battery to regulate the voltage of the battery line. A diode was installed to prevent the battery pack from charging through the output line. The battery charging function was designed through another line, where a relay was installed to manage the charging circuit. Normally, the battery was in the charging mode. A current output signal from the battery pack to the load would open the charging circuit and the battery pack became as discharging mode. The load consisted of a DC/DC converter module (PSD-30A-24, Meanwell, Taipei, Taiwan) and an electronic load (PLZ664WA, Kikusui Electronics, Yokohama, Japan) to simulate power demands during the start-up and acceleration. Note: certain commercial instruments or materials used in this work do not imply recommendation or endorsement by the authors or the university.
Experimental Procedure
The as-purchased fuel cell stack, H-30, was originally embedded with a controller, which managed the anode purge and the cathode air supply. However, due to its built-in intermittent shortcut function, the voltage of the stack fluctuated frequently when the stack was operated at a constant-current mode. Therefore, we decided to remove the controller and the purge valve at the anode outlet. As a result, the fuel cell stack was operated in anodic open-ended mode. During the experiment, the hydrogen was fed at a constant flow rate with a stoichiometric ratio of 1.2 with respect to the rated current 3.6 A.
The output voltage (V DC ) of the DC/DC converter in the LIB line was a key factor that influenced the operating point of the fuel cell stack. Two tests were performed with V DC of 9 V and 10 V. Since the fuel cell stack and the LIB pack were connected with a diode, respectively, the forward voltage drops of these two lines were close.
In each test, the current of electronic load was controlled to simulate power demand during the start-up and acceleration. In the experiment, voltages and currents of the fuel cell stack (V FC and I FC ), the LIB pack (V B and I B ), the DC/DC converter (V DC and I DC ), and the load (V L and I L ) were recorded. The installed sensor positions are shown in Figure 1 .
Results and Discussion
Performances of Power Sources
The aim of the work is to investigate the dynamic response of each power source to the variation of load power. The charging behavior of the battery pack is also presented in this study. Figure 2a shows the performance curve of the fuel cell stack. The overall stack performance measured in this study is lower than that provided by its manufacturer. The main reason is that in this study the supplied hydrogen was not humidified, resulting in lower membrane conductivity. Besides, the cathode air flow rate is kept constant regardless of the operating current density. According to the polarization curve, we chose 9 V as the lowest operating limit in order to keep stack efficiency higher than 50% (lower heating value, LHV). Figure 2b shows the voltage variation of the LIB discharging at different C-rates. As expected, the higher the discharging current, the lower the battery voltage. Since the voltage of battery line varies with time and output current, a DC/DC converter is required to fix the voltage in this line. 
Dynamic Response of the Hybrid Power System
Figure 3 presents variations of currents and voltages of the two power sources and the load when the output voltage of the DC/DC converter in the LIB line is adjusted to 9 V. It clearly shows the addition of currents provided by the two power sources is equal to the load current. Within the initial 14 s, the load consumes approximately a current of 0.2 A. The consumption is attributed to the DC/DC converter within the load since there is a minimum power requirement for the converter. After 14 s, when the start-up peak current is 2.2 A, the fuel cell stack can quickly supply a current of 2 A for a short duration 0.05 s. At this moment, its voltage drops to around 9 V, which is almost equal to the output voltage of the LIB line. Then the LIB compensates for the shortages of current for the load demand. After the 2.2-A peak, the load current decreases to 0.5 A. The fuel cell can support for this load demand and its voltage increases to 11 V, which is higher than that of LIB line; thus, LIB provides no power. The current peaks at 24 s and 34.5 s are simulations for the acceleration of load demand. Because of the slow response of fuel cell stack to the current change, LIB provides part of current for the load requirement. When the voltage of the DC/DC converter in the LIB line is increased to 10 V, the transient response of the hybrid system is presented in Figure 4 . Similar to the results shown in Figure 3 , LIB supports for part of the peak current demand when the voltage of the fuel cell stack decreases to around 10 V, which is equal to the voltage of the DC/DC converter in the LIB line. After 34 s, since the load level exceeds the maximum power of the fuel cell stack operating at 10 V, LIB starts to provide current. Compared with Nishizawa's design without a DC/DC converter, this hybrid configuration helps stabilize the voltage of fuel cell stack when both power sources provide current. Figure 5 shows power sharing and power train efficiency of the hybrid system with the DC/DC converter at 9 V. The supplied power (black dotted line) is the overall power provided by the fuel cell stack and the LIB pack. The consumed power (red solid line) is measured at the load side. The difference between the supplied and the consumed powers is the power loss due to the diodes and the DC/DC converter in the LIB line. The power train efficiency in Figure 5 is defined as the ratio of consumed power to supplied power. It is shown that the efficiency is around 0.9 when the fuel cell stack provides power alone and the efficiency depends on its operating voltage. During the peak power demand, the efficiency is approximately between 0.8 and 0.83. When LIB provides power, the connected DC/DC converter consumes a portion of power, resulting in lower efficiency. Figure 6 shows the power sharing and power train efficiency of the system when the output voltage of the DC/DC converter is 10 V. The results are similar to that of the 9-V system shown in Figure 5 . In Figure 6 , when only the fuel cell stack supports for the load demand, the efficiency is 0.9. When the LIB provides current, the connected DC/DC converter and diode have significant influence on the efficiency of the hybrid power system. For the peak at 13 s, the system efficiency is 0.66. The configuration in this study is aimed for transportation applications, in which the fuel cell stack supports for nominal power demand and LIB compensates for sudden power demand during the start-up and acceleration. Accordingly, the efficiency of the fuel cell line is the major concern in this study. 
Analysis of Power Train Efficiency
Charging Characteristics
The recharging function is an important issue in the passive hybrid system. In this study, the LIB is recharged through another circuit, as shown in Figure 1 . A normally-closed relay is installed in the charging loop. Thus, at a low power demand, the fuel cell provides power for the load and charges the LIB simultaneously, as shown in Figure 7 . At the 10, 20 and 30 s points, when the LIB provides power for the load, the bypassed current actives the normally-closed relay circuit to stop charging. Accordingly, the LIB is either in charging or discharging mode. In the future, a battery charger will be installed in the charging loop to monitor the status of the LIB for safety purposes. Figure 7 . Demonstration of the charging behavior of the passive hybrid system. The LIB is either in charging or discharging mode.
Design Procedure for the Hybrid Power System
In the final section, a procedure is proposed for designing a passive hybrid power system. For the passive hybrid configuration, the lowest limit of the fuel cell voltage is one of the most important parameters that should be predetermined. In a fuel cell electric vehicle, the maximum power of the fuel cell is designed to support the nominal power requirement, whereas the LIB is for start-up and acceleration. The following procedure is proposed to size the fuel cell and the LIB:
(1) Select the lowest limit of operating voltage, at which the fuel cell can satisfy the maximum continuous power requirement; (2) Determine the cell number and the active area according to Equation (1); (3) The output voltage of the DC/DC converter in the LIB line is adjusted to be the same with the lowest limit of the fuel cell voltage; (4) Measure the peak power demand during start-up and acceleration and then determine the capacity of the LIB.
Although the power scale in this study is miniature when compared with that in real transportation applications, this study demonstrates the feasibility of the passive fuel cell/battery hybrid power system. So far, passive hybrid systems using 10-kW fuel cell stacks have been studied by Bernard [11] and Nishizawa [13] . Aso [10] showed a schematic of the passive hybrid system. Their studies presented the possibility of the passive hybrid configuration. However, we need more study and experiments to prove the feasibility of the passive hybrid system to be used for real transportation applications in the power level of at least 30 kW.
Conclusions
In present study, a passive fuel cell and battery hybrid power system for transportation applications are developed. The fuel cell line is designed as the main power source, while the battery line is for start-up and acceleration. In order to regulate the output voltage of the LIB, a DC/DC converter is connected in the battery line. A diode is connected with each power source for protection. The load current is controlled to simulate the power demand during start-up and acceleration. The currents and voltages for each power source and load were measured and analyzed at two different selected regulation voltages in the battery line. The following conclusions can be drawn from this experiment:
(1) During start-up and acceleration, the fuel cell stack cannot support the peak power demand.
When the voltage of the fuel cell stack drops to the regulated LIB voltage, the battery compensates for the shortage of power. (2) The maximum power supply of the fuel cell stack can be determined by the output voltage of the LIB line. With the DC/DC converter in the LIB line, the lowest operating voltage of the fuel cell stack is constrained. (3) For a light duty vehicle, the major power loss source in this hybrid power system is the diodes.
Choosing a low ratio of forward voltage drop to fuel cell voltage will improve the power train efficiency; however, for a high voltage system, the diode voltage drop is a minor issue. (4) A battery management system is required to monitor the state of health of the LIB for safety.
